ABSTRACT: Amphetamine withdrawal increases anxiety and stress sensitivity related to blunted ventral hippocampus (vHipp) and enhances the central nucleus of the amygdala (CeA) serotonin responses. Extracellular serotonin levels are regulated by the serotonin transporter (SERT) and organic cation transporter 3 (OCT3), and vHipp OCT3 expression is enhanced during 24 hours of amphetamine withdrawal, while SERT expression is unaltered. Here, we tested whether OCT3 and SERT expression in the CeA is also affected during acute withdrawal to explain opposing regional alterations in limbic serotonergic neurotransmission and if respective changes continued with two weeks of withdrawal. We also determined whether changes in transporter expression were confined to these regions. Male rats received amphetamine or saline for two weeks followed by 24 hours or two weeks of withdrawal, with transporter expression measured using Western immunoblot. OCT3 and SERT expression increased in the CeA at both withdrawal timepoints. In the vHipp, OCT3 expression increased only at 24 hours of withdrawal, with an equivalent pattern seen in the dorsomedial hypothalamus. No changes were evident in any other regions sampled. These regionally specific changes in limbic OCT3 and SERT expression may partially contribute to the serotonergic imbalance and negative affect during amphetamine withdrawal.
Introduction
Chronic amphetamine and subsequent withdrawal induce greater anxiety and heightened sensitivity to stress in both humans and animal models. [1] [2] [3] [4] [5] These negative emotional states contribute to relapse after both acute and prolonged withdrawal periods. [6] [7] [8] [9] In experimental animals, acute and extended withdrawal from chronic amphetamine leads to dysregulation of stressinduced extracellular serotonin in the limbic system. [10] [11] [12] [13] Specifically, rats undergoing either acute (24 hours) or prolonged (two weeks) amphetamine withdrawal show markedly attenuated stress-or corticosterone-induced extracellular serotonin levels in the ventral hippocampus (vHipp). 13, 14 In contrast, amphetamine withdrawal at both time points is characterized by augmented extracellular serotonin in the central nucleus of the amygdala (CeA) in response to either restraint stress or corticotrophin-releasing factor (CRF) infusion into the dorsal raphe. 10, 13 These differential changes in vHipp and CeA serotonergic function may contribute to the increased anxiety and stress sensitivity exhibited during withdrawal. For example, serotonergic lesions in the vHipp of drug-naïve rats increase anxiety-like behavior on the elevated plus maze, while increasing serotonin in the vHipp alleviates heightened anxiety in rats undergoing amphetamine withdrawal. 3 Conversely, increased extracellular serotonin in CeA in drug-naïve rats is associated with increased fear behavior. 15 Given the importance of serotonergic transmission in these brain regions for regulating emotion, the underlying mechanisms for serotonin dysregulation in the limbic system following chronic amphetamine need to be fully elucidated.
Extracellular serotonin levels are regulated, in part, by reuptake via the serotonin transporter (SERT). Alterations in SERT expression or function have been associated with anxiety, [16] [17] [18] fear-associated learning, 19 psychostimulant administration, 20 and depression. 21 While the reduction in extracellular serotonin observed in the vHipp during acute withdrawal from chronic amphetamine does not appear to be mediated by changes in SERT expression or function, 12 this does not rule out the possibility that SERT expression in the vHipp or CeA may be altered beyond the 24-hour period to explain the changes in stress-induced extracellular serotonin seen during protracted withdrawal. 13 Therefore, we measured the expression of SERT in the CeA and vHipp following both acute and protracted withdrawal from chronic amphetamine. In contrast to SERT, an increased organic cation transporter 3 (OCT3) expression and function is observed in the vHipp at 24 hours of withdrawal following chronic amphetamine treatment. 12 Such an increase in vHipp OCT3 function may result in greater clearance of extracellular serotonin levels during stress to promote heightened anxiety and stress sensitivity throughout withdrawal. 3, 13 This is because OCT3 acts in the brain as a high-capacity, low-specificity transporter to provide clearance of cations, including monoamine neurotransmitters, [22] [23] [24] [25] particularly when extracellular levels exceed the capacity of dedicated monoamine transporters such as SERT, such as during stress. 26, 27 Furthermore, OCT3 is sensitive to inhibition by corticosterone, 22, 23, 26 and, as such, has been recently implicated in modulating the aminergic function in stress-sensitive psychiatric disorders, including substance abuse, depression, and anxiety. [28] [29] [30] [31] [32] Pharmacological blockade of OCT3s also increases extracellular 5-HT in brain regions that mediate stress responses, such as the hippocampus (including the vHipp) and the dorsomedial hypothalamus (DMH). 12, 25, 33, 34 Altogether, this suggests that alterations in OCT3 expression may also be induced by amphetamine treatment and protracted amphetamine withdrawal, leading to changes in serotonin transporter function to explain the persistent down-and upregulation of serotonergic activity in the vHipp and CeA, respectively. We therefore determined whether changes in OCT3 expression were evident in the vHipp and CeA at both 24 hours and two weeks of withdrawal from amphetamine.
In addition to the vHipp and CeA, OCT3 expression is high in other brain regions that either receive dense monoaminergic projections or mediate interactions with stressresponsive peripheral organs and systems. 35 These regions have been demonstrated to have an important role in regulating stress and/or anxiety and include, but are not limited to, the dorsomedial hypothalamus (DMH), [36] [37] [38] [39] [40] lateral septum (LS), [41] [42] [43] bed nucleus of stria terminalis (BNST), 44, 45 and dorsal hippocampus (dHipp).
46-48 Therefore, we also assessed the expression of OCT3 in these regions to determine whether the effects of amphetamine treatment on this transporter at 24 hours of withdrawal are specific to the vHipp 12 or are evident across the distributed limbic system that modulates stress and anxiety.
Materials and Methods
Animals. Male Sprague-Dawley rats (Animal Resource Center, University of South Dakota, Vermillion, SD) were housed in pairs in a room maintained at 60% relative humidity and 22°C temperature with a 12-hour reverse light-dark cycle (lights off at 10:00 am) and free access to food and water. At eight weeks of age, each rat in a given pair was randomly assigned to receive once daily intraperitoneal injections of either d-amphetamine (2.5 mg/kg) or saline for two weeks.
Following injections, rats underwent either a 24-hour or two-week withdrawal period (n = 11-12 per treatment and withdrawal period). This treatment regimen and withdrawal period in our hands reliably increased behavioral stress sensitivity and anxiety-like behavior at both withdrawal time points, along with dampened corticosterone-and stressinduced serotonin in the vHipp and enhanced stress-induced serotonin in the CeA. 2, 3, 13, 14 At the end of the withdrawal period, rats were decapitated and brains were rapidly removed and stored at -80°C until sectioned. Collection of tissue was conducted blind to treatment. All experiments were approved by the University of South Dakota IACUC and carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals.
Brain and tissue processing. Frozen whole brains were sectioned at a thickness of 300 microns in a cryostat (Leica Jung CM 1800; North Central Instruments, Plymouth, MN, USA) and stored at -80°C. Tissue from the vHipp, dHipp, CeA, DMH, LS, and BNST was located using the rat brain atlas of Paxinos and Watson, 49 microdissected on a frozen stage (Physitemp Instrument Inc, NJ, USA) and collected in 40 µL HEPES buffer (1.19%, pH 7.5) containing 14 µL/mL of protease inhibitor (Roche Diagnostics, IN, USA). Tissue was then sonicated (Fisher scientific, PA, ISA), with protein concentration determined using the Bradford method; 50 (BioRad Laboratories, Hercules, CA, USA) and read on microplate reader (Bio-Tek Instruments, Winooski, VT, USA).
Western immunoblot. Procedures were followed as described by Barr et al 12 The samples were normalized for protein content and mixed with 1.5 M Tris-loading buffer containing β-mercaptoethanol and boiled for 3 min. Samples were vortexed and loaded (50 µg for both hippocampal regions and BNST; 40 µg for CeA; 35 µg for the LS and DMH) on 10% sodium dodecyl sulfate polyacrylamide gels for electrophoresis (BioRad Laboratories) at 90 V for 1.5-2 hrs. Proteins were then electroblotted onto a polyvinylidene difluoride (PVDF) membrane (0.2 µm, BioRad Laboratories) using a semi-dry blotting apparatus (BioRad laboratories) for 90 min. The PVDF membrane was blocked in a cocktail of 5% nonfat dry milk (NFDM) and 1% bovine serum albumin (BSA; 1:1 ratio) overnight at 4°C followed by incubation with OCT3 primary antibody (1:1000 dilution; OCT31-A, Alpha Diagnostic International, TX, USA) for 24 hours at 4°C. Membranes were washed 3 times (10 min each) in Tris-buffered saline containing tween-20 (TBST), then incubated with secondary anti-rabbit IgG antibody (1:5000 dilution; 611-132-122, Rockland, PA) followed by three washes with TBST. Membranes were scanned at 800 nm using an infrared LiCor imaging system (Odyssey CLx, LiCor Biosciences, NE, USA) to visualize protein bands. The membranes were then washed in TBST in light and reprobed for SERT protein using ST (C-20) primary antibody (1:200 dilution; sc-1458, Santa-Cruz biotechnology Inc, CA, USA) and anti-goat IgG secondary antibody (1:5000 dilution; 305-155-003; Jackson Immunoresearch, PA, USA), and reprobed with actin primary antibody (1:2000 dilution; MAB1501R; Millipore, CA, USA) overnight at 4°C in 5% NFDM and 1% BSA cocktail and anti-mouse secondary IgG antibody (1:5000 dilution; 610-132-121; Rockland, PA, USA). All protein bands were quantified and normalized against actin as the loading control.
Data collation and statistics. Optical density of OCT3 and SERT bands obtained from amphetamine-treated rats were normalized to saline-treated rats within the same membrane. Grubb's test was used to identify statistical outliers, resulting in the removal of a total of three data points from a possible total of 336 across the entire experiment. One membrane from the DMH was lost due to technical reasons, resulting in loss of one to two rats per treatment group for that analysis. Separate two-way ANOVAs were used to assess the effects of treatment or withdrawal period on OCT3 and SERT protein optical density in both the CeA and vHipp, with significant interactions followed up by Holm-Sidak tests for multiple pairwise comparisons. Previously, we had reported an increased OCT3 expression in the vHipp after acute (24 hours) withdrawal from amphetamine. In these cases where OCT3 expression was assessed only at 24 hours of withdrawal, separate one-way ANOVAs were used to assess the differences between treatment groups. All analyses were performed using SigmaStat v.3.5, with significance set at P , 0.05, with at least one investigator responsible for analysis blind to treatment.
Results
Transporter expression in the ventral hippocampus (vHipp). In the vHipp, there was a significant interaction between treatment and withdrawal period for OCT3 expression (F (1,40) = 4.127, P = 0.049; Fig. 1A ). Expression of OCT3 was increased in the amphetamine-treated group at 24 hours of withdrawal compared to saline-treated rats at the same withdrawal time point, and compared to amphetaminetreated rats at two weeks of withdrawal (P , 0.05; Fig. 1A) . However, OCT3 expression in the vHipp was similar between amphetamine-and saline-treated rats at two weeks of withdrawal (P . 0.05; Fig. 1A) . With regard to SERT expression in the vHipp (Fig. 1B) , there was no significant effect of treatment (F (1,41) = 0.074, P = 0.792), withdrawal period (F (1,41) = 0.000, P = 0.996), nor a significant interaction between the two factors (F (1,41) = 0.000, P = 0.966).
Transporter expression in the central nucleus of the amygdala (CeA). In contrast to the vHipp, there was only a significant main effect of treatment on OCT3 expression in the CeA (F (1,41) = 9.289, P = 0.004; Fig. 2A) , and no significant main effect of withdrawal (F (1,41) = 2.797, P = 0.102) or an interaction between treatment and withdrawal (F (1,41) = 2.516, P = 0.120). Thus, OCT3 expression remained elevated in amphetamine-treated rats over the two withdrawal periods as compared to the saline-treated group ( Fig. 2A) . Similar to OCT3 expression, there was a significant main effect of treatment on SERT expression in the CeA (F (1,41) = 10.777, P = 0.002; Fig. 2B ) but no significant main effect of withdrawal (F (1,41) = 0.772, P = 0.385) or an interaction between treatment and withdrawal (F (1,41) = 1.126, P = 0.295). Again, SERT expression remained higher than saline-treated controls over the entire amphetamine withdrawal period (Fig. 2B) .
Transporter expression in the dorsomedial hypothalamus (DMH). Similar to the vHipp, there was a significant interaction between treatment and withdrawal period for OCT3 expression in the DMH (F (1,37) = 4.308, P = 0.043; Fig. 3A) . At 24 hours of withdrawal, OCT3 expression was increased in amphetamine-treated rats compared to saline-treated rats, and also compared to amphetamine-treated rats at two weeks of withdrawal (P , 0.05; Fig. 3A) . However, at two weeks of withdrawal, OCT3 expression in the DMH was similar between amphetamine-and saline-treated rats (P . 0.05; Fig. 3A) . Also similar to the vHipp, SERT expression in the DMH was unaffected (Fig. 3B) , with no significant effect of treatment (F (1,37) = 0.424, P = 0.519), withdrawal period (F (1,37) = 0.244, P = 0.624), nor a significant interaction between the two factors (F (1,37) = 0.244, P = 0.624). (F (1,19) = 0.982, P = 0.333), BNST (F (1, 20) = 0.285, P = 0.599), and LS (F (1, 19) = 0.665, P = 0.425) at 24 hours of withdrawal following chronic amphetamine was not significantly different when compared to saline-treated rats ( Table 1 ), suggesting that changes in OCT3 expression with acute withdrawal from amphetamine are limited to the vHipp, CeA, and DMH. Therefore, no further analysis of these regions was undertaken.
OCT3 expression in dorsal hippocampus (dHipp), bed nucleus of the stria terminalis (BNST), and lateral septum (LS). The expression of OCT3 in the dHipp

Discussion
Both OCT3 and SERT expression were increased in the CeA during acute and chronic withdrawal from amphetamine. Increases of similar magnitude in OCT3 expression in the vHipp of amphetamine-withdrawn rats, as measured by Western blot, result in enhanced serotonin clearance in vivo. 12 Together, these results suggest that the capacity for clearing extracellular serotonin should be similarly increased in the CeA following amphetamine withdrawal. However, this contradicts the results of our earlier work showing that amphetamine-withdrawn rats exhibit augmented serotonin levels in the CeA in response to intra-dorsal raphe infusions of CRF at 24 hours of withdrawal, 10 and in response to restraint stress after two weeks of withdrawal. 13 Hence, transporter expression in the CeA during withdrawal would be expected to decrease, rather than increase, to explain the maintenance of heightened extracellular serotonin. Instead, we posit that the increased expression of OCT3 and SERT in the CeA may represent a compensatory mechanism for persistently increased amygdalar extracellular serotonin in response to amphetamine treatment. 51, 52 This is supported by findings that patients with social anxiety disorder show an increased SERT expression in the same brain regions in which serotonergic overactivity is observed, which includes the amygdala. 53 Therefore, we suggest that an increased SERT and OCT3 expression in the CeA during amphetamine withdrawal may be induced by amphetamine-elicited enhancements of serotonin neurotransmission in this region 10, 13 rather than directly contributing to serotonergic dysfunction during withdrawal.
While alterations in SERT and OCT3 expression in the CeA may not explain the enhanced stress-induced serotonin neurotransmission in this region during amphetamine withdrawal, a possible alternative mechanism may involve enhanced stress-induced release by CRF 2 receptors in the dorsal raphe, which supplies serotonergic innervation to the CeA. 54 An increased expression of CRF 2 (but not CRF 1 ) receptors is observed in the dorsal raphe nucleus up to six weeks of withdrawal from chronic amphetamine. 55 Activation of dorsal raphe CRF 2 receptors can disinhibit serotonergic neurons, 56 and CRF 2 receptor antagonism in the dorsal raphe prevents augmented CRF-induced increases in CeA serotonin release during amphetamine withdrawal. 10 Furthermore, pharmacological blockade of CRF 2 receptors in the dorsal raphe reverses the heightened anxiety seen during both acute and protracted amphetamine withdrawal. 2 Future work should assess whether stress-induced enhancements in serotonin neurotransmission within the CeA during withdrawal are due to CRF 2 receptor activation in the dorsal raphe, and whether preventing this causes a corresponding normalization of OCT3 and SERT expression.
Consistent with our previous findings, 12 OCT3 expression in the vHipp was increased by ~20% at 24 hours of withdrawal from chronic amphetamine, whereas SERT expression was not altered. The Barr et al 12 study also showed that an increase in OCT3 expression of this magnitude significantly increased serotonin uptake in this region. Therefore, we hypothesized that enhanced serotonin clearance, as mediated by an increased expression of OCT3 in the vHipp, accounted for the profound deficit in extracellular serotonin accumulation observed during either acute or protracted amphetamine withdrawal in response to KCl stimulation, corticosterone, or restraint stress. [12] [13] [14] However, in the current study, OCT3 expression in the vHipp returned to control levels by two weeks of withdrawal from amphetamine, and SERT expression also remained unchanged at this time point. Thus, neither changes in OCT3 nor changes in SERT expression can explain the markedly reduced extracellular serotonin in the vHipp observed in response to stress at two weeks of amphetamine withdrawal. 13 Our previous work has correlated a lack of change in total serotonin transporter expression such as measured here with no change in in vivo serotonin clearance. 12 However, it should be noted that lack of change in total protein as measured here does not preclude the possibility that altered trafficking of serotonin transporters occurred at two weeks of withdrawal to result in changes in serotonin activity at this time point.
Alternatively, deficient serotonergic function in response to stress during protracted withdrawal may be due to reductions in glucocorticoid receptors (GRs). Corticosterone applied locally to the vHipp of anesthetized rats increases extracellular serotonin through the activation of GRs, 14 but vHipp GR expression is reduced by acute withdrawal from amphetamine, which correspondingly dampens GR-mediated serotonin release.
14 Moreover, stress-induced serotonin release in the vHipp in control animals, which is not evident in amphetamine-withdrawn rats, was blocked by the GR antagonist mifepristone perfused in to the vHipp, suggesting the involvement of local GRs in stress-induced serotonin release in this brain region. 13 Serotonin in the vHipp is believed to promote the ability to cope with stressors and reduce anxiety 15, 57, 58 and various conditions associated with increased anxiety are characterized by reductions in vHipp GRs, including chronic stress [59] [60] [61] [62] [63] and chronic psychostimulant administration. 64, 65 Therefore, reductions in extracellular vHipp serotonin during protracted withdrawal from amphetamine may primarily be driven by reduced function and expression of GR receptors 13, 14 rather than augmented serotonin clearance mechanisms. Similar to the vHipp, OCT3 but not SERT expression was increased in DMH at 24 hours of withdrawal from amphetamine and returned to control levels by two weeks of withdrawal. The DMH functions to integrate the neuroendocrine, autonomic, and behavioral responses to stressors (reviewed in), 36 and activation of the DMH cause increased anxiety and panic. [66] [67] [68] Corticosterone-sensitive organic cation transporters in the DMH are believed to contribute to rapid changes in extracellular serotonin (and possibly other cationic neurotransmitters) in response to stress. 34 While the effects of amphetamine withdrawal on serotonin release or accumulation in the DMH have not been explored to date, the current findings suggest that increased OCT3-mediated clearance would reduce serotonin availability during acute withdrawal, similar to the function of the vHipp. In addition, GR expression in the DMH is decreased following cocaine self-administration, 69 similar to the effects of repeated psychostimulants in the vHipp, 64, 65 which could also promote reduced stress-induced serotonin function in this region during protracted stimulant withdrawal. Additional studies will be required to determine if this is the case.
In contrast to the vHipp, CeA, and DMH, OCT3 expression remained unchanged in the dHipp, BNST, and LS at 24 hours of withdrawal following chronic amphetamine treatment. This suggests that chronic amphetamine exposure induces region-specific differential regulation of OCT3 protein expression within brain regions associated with anxiety, rather than having global limbic effects. There are several plausible mechanisms by which chronic amphetamine could selectively alter OCT3 or SERT expression in the CeA, DMH, and vHipp seen here. Amphetamine increases corticosterone levels in both mice and rats, [70] [71] [72] and GR agonists have been shown to increase OCT1 expression and OCT2 mRNA in human primary hepatocytes and in Medin-Derby Canine kidney cells, respectively. 73, 74 Repeated activation of GRs by amphetamine-induced corticosterone during chronic treatment may therefore upregulate OCT3 expression in GR-rich regions such as the vHipp, DMH, and CeA. This hypothesis is partially supported by recent findings that acute or chronic stress (presumably activating glucocorticoid release) can upregulate OCT3 mRNA in the hippocampus of rats. 75 In addition, SERT expression has been shown to be regulated in an allele-dependent manner by GRs. 76 Thus, glucocorticoids have the potential to alter OCT3 and SERT expression in stresssensitive limbic regions, with important implications for future work in deciphering the mechanisms by which amphetamine withdrawal alters transporter expression and subsequent modulation of serotonergic activity to affect anxiety-like behavior.
In summary, our findings demonstrate that chronic amphetamine treatment and withdrawal differentially affect OCT3 or SERT expression within the limbic system, leading to a unique regional and temporal pattern of transporter upregulation. These changes in transporter expression, particularly in the vHipp, may contribute to the onset of dysphoric states associated with amphetamine withdrawal. Future work should focus on the mechanisms by which amphetamine increases OCT3 and SERT expression in a regionally differential manner and on the effects of chronic amphetamine on DMH serotonin as a further potential mediator of stress and anxiety states during drug withdrawal.
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